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Abstract: Oral mucosal wounds are characterized by rapid healing with minimal scarring, partly
attributable to the “enhanced” wound healing properties of oral mucosal fibroblasts (OMFs).
Hepatocyte growth factor (HGF) is a pleiotropic growth factor, with potential key roles in accelerating
healing and preventing fibrosis. HGF can exist as full-length or truncated (HGF-NK), NK1 and
NK2 isoforms. As OMFs display elevated HGF expression compared to dermal fibroblasts (DFs),
this study investigated the extent to which HGF mediates the preferential cellular functions
of OMFs, and the influence of pro-fibrotic, transforming growth factor-β1 (TGF-β1) on these
responses. Knockdown of HGF expression in OMFs by short-interfering RNA (siHGF) significantly
inhibited OMF proliferative and migratory responses. Supplementation with exogenous TGF-β1 also
significantly inhibited proliferation and migration, concomitant with significantly down-regulated
HGF expression. In addition, knockdown abrogated OMF resistance to TGF-β1-driven myofibroblast
differentiation, as evidenced by increased α-smooth muscle actin (α-SMA) expression, F-actin
reorganisation, and stress fibre formation. Responses were unaffected in siHGF-transfected DFs.
OMFs expressed significantly higher full-length HGF and NK1 levels compared to patient-matched
DFs, whilst NK2 expression was similar in both OMFs and DFs. Furthermore, NK2 was preferentially
expressed over NK1 in DFs. TGF-β1 supplementation significantly down-regulated full-length HGF
and NK1 expression by OMFs, while NK2 was less affected. This study demonstrates the importance
of HGF in mediating “enhanced” OMF cellular function. We also propose that full-length HGF and
HGF-NK1 convey desirable wound healing properties, whilst fibroblasts preferentially expressing
more HGF-NK2 readily undergo TGF-β1-driven differentiation into myofibroblasts.
Keywords: hepatocyte growth factor; oral mucosal fibroblasts; transforming growth factor-β1;
proliferation; migration; differentiation
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1. Introduction
Wound healing is a complex and highly ordered chain of events that leads to tissue repair.
Although oral mucosal and dermal wounds proceed through similar stages of healing, oral
mucosal wounds, in common with early-gestational foetal wounds [1], are characterized by minimal
inflammatory and angiogenic responses, rapid healing/remodelling, and minimal scar formation.
This is in contrast to adult dermal wounds, which are usually accompanied by prominent scar
formation [2,3].
Oral mucosal healing is a consequence of phenotypic differences between the intra- and extra-oral
wound cell populations. Oral mucosal fibroblasts (OMFs) have a distinctly increased ability to
proliferate, migrate, and repopulate wounds, due to their enhanced proliferative lifespans [4–6].
OMF wound repopulation properties are further enhanced by their increased extracellular matrix
(ECM) reorganisation [7–11]. More recently, proteomics profiling has demonstrated a marked difference
in the production of a broad range of proteins between oral mucosal and vocal-fold fibroblasts [12],
highlighting the importance of comparisons between cell populations isolated from different tissues.
For example, OMFs also exhibit lower transforming growth factor-β1 (TGF-β1) expression, compared
to their dermal fibroblast (DF) counterparts, and OMFs demonstrate resistance to TGF-β1-driven
fibroblast-myofibroblast differentiation, thereby retaining their “non-scarring” phenotype [9,10,13,14].
The different responses to exogenous TGF-β1 treatment in DFs and OMFs are thought to be a
consequence of differential Smad3 and hyaluronan regulation [15].
Furthermore, microarrays performed to elucidate the pathways underlying the preferential
healing responses of OMFs have revealed numerous differentially expressed genes between
patient-matched OMFs and DFs [6,16,17]. One of the genes identified and expressed at significantly
higher levels in OMFs compared to DFs, was hepatocyte growth factor (HGF) [9,18–20].
HGF is a pleiotropic growth factor, and exhibits potent mitogenic, motogenic, morphogenic,
angiogenic, anti-inflammatory, and anti-fibrotic properties in numerous cell types. These actions
are mediated via the binding and activation of its receptor, tyrosine-protein kinase Met
(c-MET) [21–23]. Consequently, HGF possesses multiple roles in normal organ/tissue development
during embryogenesis, and in promoting tissue homeostasis, repair, and regeneration in numerous
tissues, including skin and oral mucosa [3,21]. However, since HGF has also been implicated in the
promotion of migration and angiogenesis, supporting cancer cell survival and metastasis [24,25],
there is importance in clarifying the expression levels of HGF, its isoforms, and the roles they play,
across different tissues. HGF can exist as a full-length, multi-domain protein, or as truncated peptide
isoforms (HGF-NK), formed as a consequence of alternative splicing [26–28]. Full-length HGF is
formed as an inert precursor (pro-HGF, 90 kDa), which is secreted and cleaved extracellularly at
Arg494-Val495 into the biologically active form, by tightly regulated serine proteases: HGF activator,
and matriptases [21,29].
The active form of HGF is a heterodimeric glycosylated protein, comprised of α- (55–60 kDa) and
β- (32–34 kDa) chains, linked via a disulphide bridge [21,22]. The α-chain contains an N-terminal
hairpin loop domain, and 4 kringle domains (NK1–NK4), which enable HGF receptor binding and
activation. Theβ-chain has structural similarities to serine protease domains, however, lacks proteolytic
activity, and contains a secondary receptor-binding site [21,22,30,31]. The truncated HGF isoform,
NK1, contains the N-terminal hairpin and first kringle domain, whilst the NK2 variant also contains
the second kringle domain [26,27,32]. NK1 is regarded as an agonist of the c-MET receptor, whilst NK2
is defined as a partial c-MET antagonist [28].
HGF binding to c-MET induces conformational changes through auto-phosphorylation of the
cytoplasmic region, receptor homo-dimerisation and initiation of Grb2/Gab1 recruitment. This leads to
the paracrine and autocrine activation of many intracellular signalling pathways, including extraceullar
regulated kinases (ERK1/ERK2), phosphoinositide 3-kinase/protein kinase B (PI3K/Akt), signal
transducer and activator of transcription 3 (STAT3), protein kinase C (PKC), and small GTP-binding
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proteins (Rac/Rho/Rap1) [21,22,28]. Such events result in a variety of overlapping signalling pathways
being activated, and cellular responses induced.
The high levels of HGF expression may convey the “enhanced” proliferative, migratory, and
differentiation resistance phenotype observed in OMF cultures, however, the extent to which full-length
HGF and the NK1/NK2 isoforms mediate these OMF wound healing responses is currently unknown.
This study assessed the effect of targeted HGF knockdown on OMF function, imperative for beneficial
healing. In addition, these findings were compared to TGF-β1 treatments. To determine the anti-fibrotic
and protective effects of HGF, knockdown and TGF-β1 were used in combination, to assess whether
OMFs could be forced down a differentiation path to become myofibroblasts. Furthermore, full-length
HGF and the NK1/NK2 isoforms were assessed under knockdown and TGF-β1 conditions, to elucidate
their potential roles in OMF or DF function.
2. Results
2.1. Hepatocyte Growth Factor (HGF) Knockdown Inhibits Oral Mucosal Fibroblast Proliferation and In Vitro
Scratch Wound Repopulation
We first sought to determine whether elevated HGF [18] was the primary source of “enhanced”
cellular functions, and therefore, healing capabilities, in OMFs. Transfection of OMFs with siHGF
significantly inhibited proliferation over 72 h in culture (Figure 1A). Proliferation was significantly
inhibited in siHGF-transfected OMFs at 48 and 72 h (p = 0.015 and p = 0.002, respectively), compared
to scrambled siRNA-transfected OMFs. This was maintained over 72 h in culture, with wound
repopulation/closure significantly impaired by siHGF transfection (Figure 1(Bi–iv)), compared to
scrambled siRNA-transfected OMFs (Figure 4(Bv–viii)). The percentage of wound closure rates were
significantly reduced by siHGF transfection at 24 h (p = 0.002), 48 h (p = 0.022) and 72 h (p = 0.015), to
between 20% and 30% of the wound closure rates determined in scrambled siRNA-transfected OMFs,
which approached complete wound closure over the 72 h culture period.
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Figure 1. Hepatocyte growth factor (HGF) knockdown is detrimental to oral mucosal fibroblast (OMF)
cell function. siHGF (solid bars/lines)- and scrambled siRNA (open bars/lines)-transfected, OMFs
were assessed for effects on (A) proliferation and (B) in vitro scratch wound repopulation. Time-lapse
images are representative of 3 independent scratch wound experiments (scale bar = 200 µm, original
magnification 100×). Data is shown as m an ± standard error (S.E.) for n = 3 ndependent experiments
(* p ≤ 0.05, ** p ≤ 0.01, vs. serum-free F-SCM controls; N/S, no significance).
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2.2. Exogenous Transforming Growth Factor-β1 (TGF-β1) Supplementation Inhibits Oral Mucosal Fibroblast
Proliferation and In Vitro Scratch Wound Repopulation
OMF proliferation, with and without exogenous TGF-β1 supplementation, over 72 h in culture, is
shown in Figure 2A. OMF proliferation was significantly inhibited in TGF-β1-supplemented cultures
at 48 and 72 h (p = 0.028 and p < 0.001, respectively). Assessment of OMF by in vitro scratch wound
repopulation, with and without exogenous TGF-β1 supplementation over 72 h, also demonstrated
that OMF wound repopulation/closure responses were significantly impaired by exogenous TGF-β1
supplementation (Figure 2(Bi–iv)), compared to untreated OMF controls (Figure 2(Bv–viii)) The rates
of wound closure were significantly reduced by TGF-β1 supplementation at 24 h (p = 0.008), 48 h
(p = 0.003), and 72 h (p = 0.007), to between 30% and 50% of the wound closure rates observed in
untreated OMF controls, which exhibited almost complete wound closure over 72 h.
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Figure 2. Transforming growth factor-β1 (TGF-β1) supplementation attenuates OMF cell functions.
The effects of TGF-β1 (10 ng/mL, solid bars/lines) treatment for up to 72 h on OMF (A) proliferation and
(B) in vitro scratch wound repopulation abilities were assessed. Time-lapse images are representative
of 3 independent scratch wound experiments (scale bar = 200 µm, original magnification 100×). Data is
shown as mean ± S.E. for n = 3 independent experiments (* p ≤ 0.05, ** p ≤ 0.01, vs. serum-free F-SCM
controls; N/S, no significance).
2.3. Exogenous TGF-β1 Supplementation Suppresses HGF Expression in a Similar Manner to Targeted
HGF Knockdown
Exogenous TGF-β1 supplementation could reduce HGF expression within 3D fibroblast-populated
collagen gels [9]. We therefore examined whether the retardation of OMF proliferation, and wound
repopulation responses with exogenous TGF-β1 supplementation, were a consequence of reduced
HGF expression. Exogenous TGF-β1 supplementation significantly downregulated (2-fold) HGF
mRNA expression by OMFs (Figure 3A) at 24 h (p = 0.012), which was maintained over 48 and 72 h
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in culture (5-fold inhibition by 72 h, both p < 0.001). In contrast, untreated OMF controls exhibited
consistently high HGF expression levels over 72 h in culture. Following 24 h of TGF-β1 treatment, HGF
protein levels mirrored the down-regulation observed at the mRNA level (Figure 3B), with significant
(approximately 60%) reduction (p = 0.012). Similar levels were maintained at 48 h (p = 0.021), and a
90% reduction in HGF levels was observed by 72 h (p < 0.001). In contrast, untreated OMF controls
maintained consistently high levels of HGF over the 72 h culture period.
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We next assessed the influence of transient knockdown of HGF expression by siHGF
transfection, on TGF-β1 responses in OMFs. RT-qPCR analysis revealed that siHGF significantly
down-regulated HGF mRNA expression in both untreated control, and TGF-β1-treated, OMFs
(4-fold and 2-fold, respectively), compared to scrambled siRNA-transfected OMFs, with and without
TGF-β1 supplementation (both p < 0.001, Figure 3C). Furthermore, HGF mRNA expression in both
siHGF- and scrambled siRNA-transfected OMFs was significantly down regulated (4-fold and 2-fold,
respectively) by TGF-β1 supplementation (both p < 0.001, Figure 3A). These findings were further
validated by ELISA, confirming HGF protein reduction in both TGF-β1-treated OMFs (1.5-fold) and
in siHGF-transfected OMFs (2-fold), compared to scrambled siRNA-transfected control OMFs (both
p < 0.001, Figure 3D). However, no significant reductions in HGF levels were apparent between
siHGF-transfected OMFs with or without exogenous TGF-β1 supplementation (p < 0.05, Figure 3B).
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2.4. HGF Knockdown Impairs Oral Mucosal Fibroblast Resistance to TGF-β1-Driven,
Myofibroblast Differentiation
Meran et al. demonstrate that OMFs resist TGF-β1-driven fibroblast-myofibroblast
differentiation [13]. In siHGF- and scrambled siRNA-transfected, OMFs without TGF-β1
supplementation had spindle-shaped, fibroblastic morphology, and were negative for α-SMA staining
and F-actin remodelling at 72 h in culture (Figure 4(Ai,iii,Bi,iii)). However, TGF-β1 supplementation
increased the extent of positive staining for α-SMA in siHGF-transfected OMFs, coupled with larger,
polygonal morphology, indicative of myofibroblast formation (Figure 4(Aiv–v,Biv)). These OMFs
also demonstrated prominent F-actin reorganisation into thick cell-spanning filaments. In contrast,
TGF-β1 supplementation in scrambled siRNA-transfected OMFs did not induce α-SMA staining,
morphological changes or F-actin reorganisation (Figure 4(Aii,Bii)). The α-SMA/F-actin staining
and morphological changes evident in siHGF-transfected OMFs resembled typical characteristics
of myofibroblast differentiation apparent in patient-matched DF control cultures supplemented
with TGF-β1 (Figure 4(Avii,ix,Bvi,viii)). Control DF expression of α-SMA/F-actin stress fibres
were not apparent in the absence of TGF-β1 supplementation, regardless of transfection
(Figure 4(Avi,viii,Bv,vii)).
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Figure 4. Knockdown of HGF, followed by TGF-β1 supplementation, is sufficient to differentiate OMFs
into myofibroblasts. siHGF- and scrambled siRNA-transfected OMFs and DFs were growth-arrested
and maintained in serum-free F-SCM or serum-free F-SCM containing TGF-β1 (10 ng/mL), for 72 h.
The effects of exogenous TGF-β1 supplementation on (A) α-SMA staining and (B) F-actin cytoskeletal
reorganisation/cellular morphology were assessed. α-SMA and F-actin images are representative of
one independ experim nt of thre (scal bar = 50 µm, original magnificat on 400×). s HGF- and
scrambled RNA-transfected OMFs, and patient-matched DFs, were further assessed for (C) HGF
and (D) α-SMA mRNA expression. Images are r presentative of n = 3 ind pendent experiments.
Graphical data is shown as mean ± S.E. for n = 6 independent experiments (* p ≤ 0.05, ** p ≤ 0.01; N/S,
no significance).
These findings were confirmed by RT-qPCR analysis of HGF and α-SMA mRNA expression
(Figure 4C,D respectively). siHGF significantly down-regulated HGF expression in both untreated
control and TGF-β1-treated OMFs (10-fold; p < 0.001 and 4-fold; p < 0.001, respectively), when
compared to scrambled siRNA-transfected OMFs (Figure 4C). Similarly, HGF expression in the
scrambled siRNA-transfected OMFs was significantly downregulated by TGF-β1 supplementation
(2.5-fold, p < 0.001). HGF expression in OMFs under TGF-β1 and siHGF conditions was equivalent to
mRNA expression observed in DFs.
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No significant effects on α-SMA expression in scrambled siRNA-transfected OMFs, with and
without TGF-β1 supplementation, were observed (p > 0.05, Figure 4D). However, siHGF-transfected
OMFs demonstrated significant increases in α-SMA expression after TGF-β1 supplementation (9-fold
induction, p < 0.001). The extent of α-SMA expression in siHGF-transfected OMFs treated with
TGF-β1 was equivalent to mRNA levels observed in DF control cells (Figure 4D); whilst TGF-β1
supplementation resulted in significantly larger increases in α-SMA expression (7-fold induction,
p < 0.001) in scrambled siRNA-transfected DFs, and in siHGF-transfected DFs (9-fold induction,
p < 0.001). These results suggested that a 2-fold reduction of HGF expression in DF was sufficient
to cause a significant increase in α-SMA mRNA (control scramble DF vs. siHGF DF p = 0.233;
TGF-β1-treated DF vs. siHGF DF p = 0.004).
2.5. Full-Length HGF and Truncated HGF isoforms (HGF-NK), NK1 and NK2, Expression Levels Differ
between Oral and Dermal Fibroblasts and Are Differentially Influenced by TGF-β1
We next sought to delineate the extent to which full-length HGF, and the truncated NK1/NK2
isoforms, participated in mediating the observed OMF responses. RT-qPCR analysis was used to assess
basal expression of full-length, NK1, and NK2 mRNA, and demonstrated that OMFs had greater levels
of full-length HGF, compared to the NK1 and NK2 variants, which had equivalent expression levels.
In patient-matched DFs, there was significantly less basal expression of full-length (p < 0.001), and
NK1 (p = 0.008) HGF, than in OMFs. However, DF basal expression of NK2 was similar to that of
OMFs (by 40−∆Ct method of representation; Figure 5A). Furthermore, NK2 mRNA levels in DFs were
significantly higher than NK1 (p < 0.001, Figure 5A). Full-length HGF was more highly expressed than
NK1 or NK2 mRNA in both cell types (p < 0.001).
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Figure 5. HGF isoforms are differentially expressed in OMFs vs. DFs, and following supplementation
with TGF-β1. OMFs and DFs were transiently transfected with either siHGF or scrambled siRNA.
siHGF- and scrambled siRNA-transfected cells were growth-arrested and maintained in serum-free
F-SCM (open bars), or serum-free F-SCM containing TGF-β1 (10 ng/mL, solid bars), for 72 h. (A)
Differences in basal levels of full-length HGF and truncated NK1/NK2 isoform mRNA expression in
OMF (black lines) and DF (grey lines) were analysed by RT-qPCR, and are displayed as 40-∆CT. The
expression of (B) full-length HGF, (C) truncated NK1, and (D) truncated NK2 mRNA, was assessed
by RT-qPCR. Data is shown as mean ± S.E. for n = 3 independent experiments (* p ≤ 0.05, ** p ≤ 0.01;
N/S, no significance).
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We next assessed the extent to which siHGF transfection and exogenous TGF-β1 supplementation
down-regulated full-length HGF and the truncated NK1/NK2 isoforms in OMFs and patient-matched
DFs. Transfection with siHGF significantly down-regulated full-length HGF (10-fold, p < 0.001,
Figure 5B) and NK1 (3-fold, p = 0.006, Figure 5C), in OMFs; NK2 expression was much less affected
(2-fold, p = 0.046, Figure 5D). Furthermore, despite siHGF transfection reducing full-length HGF,
NK1 and NK2 expression in OMFs to equivalent levels observed in DFs (Figure 5B–D), full-length
HGF (Figure 5B) and NK1 (Figure 5C) expression was significantly down-regulated by TGF-β1
supplementation in both the siHGF- (4-fold for full-length HGF, 3-fold and NK1, p = 0.022 and p = 0.003,
respectively) and scrambled siRNA-transfected OMFs (2.5-fold for full-length HGF, and 3-fold for
NK1, p = 0.033 and p = 0.007, respectively). No significant differences in NK2 expression were evident
in either the siHGF- or scrambled siRNA-transfected OMFs, following TGF-β1 supplementation (both
p > 0.05, Figure 5D).
siHGF also downregulated full-length HGF (4-fold, p = 0.004), NK1 (3-fold, p = 0.011) and
NK2 (2.5-fold, p = 0.004) in patient-matched DFs, compared to scrambled siRNA-transfected DFs
(Figure 5B–D, respectively). Furthermore, although exogenous TGF-β1 supplementation significantly
down-regulated full-length HGF expression in both siHGF- (2-fold, p = 0.006) and scrambled
siRNA-transfected DFs (10-fold, p = 0.001, Figure 4B), TGF-β1 only downregulated NK1 (6-fold,
p = 0.002) and NK2 (4-fold, p = 0.005) expression in scrambled siRNA-transfected DFs (Figure 4C,D,
respectively), with no significant NK1 or NK2 expression changes in siHGF-transfected DFs, following
TGF-β1 supplementation (both p > 0.05).
3. Discussion
The preferential wound healing capabilities of OMFs have been well documented [2,3], as
has HGF’s facilitation of mitogenic, motogenic, morphogenic, and anti-fibrotic responses [21,22].
In light of the evidence confirming elevated HGF expression and protein levels in OMFs, compared
to DFs [18], this study investigated the extent to which HGF plays a role in mediating the enhanced
proliferative/migratory properties of OMFs and their resistance to TGF-β1-driven myofibroblast
differentiation, in addition to reciprocated changes in full-length and NK1/NK2 isoform expression.
OMFs possess enhanced proliferative, migratory, and in vitro scratch wound repopulation
capabilities, compared to patient-matched DF counterparts [4–6]. In the current study, OMFs
exhibited rapid proliferation and scratch wound repopulation/closure, together with induction of
HGF transcription and increased protein expression. These responses were significantly retarded by
exogenous TGF-β1 supplementation or HGF knockdown, corresponding with significant reductions
in HGF mRNA expression and protein levels. TGF-β1 has previously been shown to have detrimental
effects on the proliferative and migratory responses in OMFs and other cell types [10,33]. In addition,
TGF-β1 could reduce HGF expression by various cells [9,34–37]. Here, we show that HGF knockdown
and TGF-β1 stimulation have similar resultant consequences on OMF proliferation, migration,
and HGF expression. Furthermore, the siHGF experimental protocols utilised herein successfully
down-regulated HGF mRNA and protein expression by approximately 80% and 50%, respectively.
Studies have shown that HGF is capable of suppressing elevated TGF-β1 cell signalling and
downstream events [37–41]. This intricate interplay between growth factors suggests that HGF
knockdown could help to drive fibrotic events in OMFs. Indeed, here, we show for the first time that as
with proliferative and migratory responses, OMF resistance to TGF-β1-driven fibroblast-myofibroblast
differentiation was significantly impaired by exogenous TGF-β1 supplementation following HGF
knockdown. This increased susceptibility was presumably a consequence of reduced HGF protein
expression. Furthermore, previous studies have demonstrated that OMFs and oral mucosal wounds
have reduced TGF-β1 levels and altered TGF-β1 signalling, in addition to higher levels of the
anti-fibrotic TGF-β3 [14,15,42,43]. Therefore, it is conceivable that heightened HGF levels in OMFs are
causative of reduced basal levels of TGF-β1 in OMFs, contributing to the reduction in overall TGF-β1,
in oral mucosal wounds.
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OMF anti-proliferative responses to TGF-β1, and resistance to differentiation, are regulated
through differential Smad3 signalling, and by restricted synthesis and assembly of the matrix
polysaccharide, hyaluronan, by hyaluronan synthase 1 and 2 (HAS1 and HAS2), in contrast to
DFs [13,15]. As OMF proliferation and resistance to differentiation were significantly attenuated
by exogenous TGF-β1 supplementation and HGF knockdown, it is interesting to speculate whether
HGF influences Smad3 signalling and hyaluronan synthesis/localisation, regulating these responses.
HGF/c-MET activate many signalling pathways [21,22,28], however, HGF has also been demonstrated
to be capable of antagonising pro-fibrotic effects of TGF-β1 through inhibition of phospho-Smad2/3
nuclear translocation, in addition to increasing the expression of Smad regulators, such as
TGF-β-induced factor homeobox 1 (TGIF), SnoN, and galectin-7 [37,40,44–46]. TGF-β receptors can
also activate non-Smad pathways, including ERK1/2, PI3K/Akt, and Rho GTPases [47]. Therefore, as
no major differences in c-MET receptor expression have previously been reported between OMFs and
DFs [6,16–18], it is feasible that HGF mediates preferential healing responses in OMFs by modulating
Smad and non-Smad signalling pathways. Further investigations into the differences between OMF
and DF c-MET phosphorylation, its membrane localisation, co-receptor activity, and downstream
signalling events, in response to TGF-β1, HGF, and its variants, will provide detailed mechanistic
understanding of the extent of c-MET roles in maintaining phenotype. However, as HGF has also
been demonstrated to increase HAS1- and HAS2-derived hyaluronan in fibroblasts from non-oral
mucosal sources [48,49], a role for HGF in limiting hyaluronan synthesis by OMFs and subsequent
TGF-β1-driven myofibroblastic differentiation, may be a characteristic specific to OMFs as part of their
highly privileged wound healing phenotype.
HGF can exist as a full-length protein, or as alternative spliced variants, including NK1 and
NK2 [26–28]. We sought to determine basal levels of full-length HGF and truncated NK1/NK2
isoform expression in OMFs and patient-matched DFs, and the impact of siHGF transfection and
exogenous TGF-β1 supplementation on overall expression. Basal levels of full-length HGF were higher
than both truncated NK1/NK2 isoforms in OMFs, with full-length HGF and NK1 being expressed
at significantly higher levels in OMFs than DFs. Interestingly, NK2 demonstrated no significant
difference in expression between OMFs and DFs. NK2 mRNA levels in DFs were also significantly
higher than NK1. These results suggest support for the contrasting wound healing properties of OMFs
and DFs (NK1 as essential for cellular proliferation, motility, and survival, whereas NK2 antagonises
the mitogenic activity of HGF, pivotal to its anti-fibrotic functions) [27,32,50,51]. Furthermore, despite
full-length HGF and the NK2 isoform having similar c-MET receptor affinities, only full-length HGF
activates PI3K/Akt signalling responsible for stimulating mitogenic activity [28,32]. Taken together
with the changes observed in this report, it appears that full-length HGF and the NK1 isoform
were principally responsible for promoting the preferential proliferative, migratory and resistance to
TGF-β1-driven fibroblast–myofibroblast differentiation properties of OMFs; although, the precise roles
that downstream signalling pathways have in mediating these responses requires further investigation.
Interestingly, TGF-β1 supplementation attenuated NK2 expression to a lesser degree. Full-length
HGF expression was also more susceptible to siHGF/TGF-β1 down-regulation in DFs. In line
with these findings, TGF-β1 has been previously demonstrated to promote full-length HGF mRNA
degradation by microRNA-199, while the NK2 isoform mRNA remained unaffected [35,52]. The 3′UTR
(untranslated region) of full-length HGF mRNA differs to the NK2 3′UTR [52], consequently, full-length
HGF is distinctly regulated at the post-transcriptional level compared to its antagonist, NK2.
As HGF elicits a protective anti-fibrotic effect in various tissues, including lung, heart, liver, and
kidney [37,38,40,53–56], it is conceivable that HGF protein or gene therapy approaches would offer
similar beneficial wound healing, and anti-fibrotic outcomes could be facilitated in skin. Indeed,
HGF gene/protein delivery has been demonstrated to promote both chronic wound healing and the
resolution of various forms of dermal fibrosis [36,57–59]. Through further investigation of the distinct
roles of HGF isoforms, these outcomes could be substantially improved. Due to the unavailability
of recombinant forms of the different HGF isoforms, future investigations will require the use of
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overexpression vectors for forced expression of full-length, NK1, NK2, or other NK isoforms of HGF in
OMFs/DFs. In combination with experiments utilising custom siRNA, the more specific and detailed
roles of these HGF isoforms could then be exemplified.
4. Material and Methods
4.1. Reagents
Cell culture reagents used were obtained from Thermo Fisher Scientific (Paisley, UK), Sigma
(Poole, UK) or BD Bioscience (Oxford, UK), unless otherwise stated. siRNA transfections reagents
were purchased from Thermo Fisher Scientific (Paisley, UK). Human recombinant TGF-β1 was from
R&D Systems (Abingdon, UK). Reverse-transcription polymerase chain reaction (RT-PCR) and real
time quantitative PCR (RT-qPCR) reagents were from Thermo Fisher Scientific (Warrington, UK) and
New England Biolabs (Hitchin, UK).
4.2. Oral Mucosal and Patient-Matched, Dermal Fibroblast Cultures
Patient-matched OMF and DF were established from oral mucosal and normal skin biopsies
(6 mm), obtained with Local Research Ethical Committee approval and informed consent, from adults
undergoing minor oral surgical operations at the School of Dentistry, Cardiff University, UK. Cultures
were isolated as previously described [5], and cultured in DMEM/F-12 Medium, supplemented
with 2 mM L-glutamine, 100 U/mL penicillin, 100 µg/mL streptomycin and 10% foetal calf serum
(FCS, Biologic Industries, Cumbernauld, UK) (F-SCM). Cultures were maintained at 37 ◦C, in 5%
CO2/95% air.
4.3. Short Interfering RNA (siRNA) Transfection
siRNA against HGF (ID 112632, Thermo Fisher Scientific, Waltham, MA, USA) was used to
knockdown HGF mRNA expression in DFs/OMFs. Lipofectamine 2000, using an optimised and
adapted manufacturer’s protocol, was used to transfect siRNA into the cells (Santa Cruz Biotechnology,
Dallas, TX, USA). OMFs were seeded into 35 mm wells in F-SCM at a density of 2 × 105 cells/well.
Once 60–70% confluent, 3 µL Lipofectamine 2000, 30 nM HGF siRNA (siHGF) or scrambled siRNA
(scr) (a scrambled sequence with no homology to the human genome, ID 4390846, Thermo Fisher
Scientific) and 200 µL OPTI-MEM, was mixed and incubated for 30 min at room temperature, before
the addition of 800 µL OPTI-MEM (1 mL final volume) (transfection solution). Cells were washed with
OPTI-MEM and incubated with the transfection solution for 5 h. F-SCM containing 20% FCS (1 mL)
was then added to each well and incubated overnight. Media were replaced with fresh F-SCM, and
cells incubated for a further 24 h, before growth-arrest in serum-free F-SCM for 24 h.
4.4. TGF-β1 Supplementation
Following growth arrest, cultures were treated with serum-free F-SCM alone, or supplemented
with TGF-β1 (10 ng/mL), for times up to 72 h.
4.5. Proliferation Assay
Cell numbers were assessed by the addition of 10% AlamarBlue® Cell Viability Reagent
(Thermo Fisher Scientific), to the medium in each well (10% v/v), up to 72 h. Cultures were maintained
for 1 h before fluorescence was quantified at excitation (540 nm)/emission (590 nm), using a Fluostar
Optima Fluorescence Spectrometer (BMG Lab Technologies, Aylesbury, UK). Data was expressed as
arbitrary fluorescence units.
4.6. In Vitro Scratch Wound Repopulation
OMFs were seeded in 35 mm culture dishes in F-SCM at a density of 2 × 105 cells/well, and
maintained until confluent. OMFs were growth-arrested in serum-free F-SCM for 24 h, prior to a
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single scratch being made with a sterile pipette across each cell layer. Following serum-free F-SCM
removal and PBS washes, OMFs were replenished with serum-free F-SCM supplemented with TGF-β1
(10 ng/mL) or serum-free F-SCM alone, and incubated for 72 h. Digital images of the denuded areas
were captured for times up to 72 h (original magnification 100×), using an Axiovert 133 Microscope
(Carl Zeiss, Welwyn Garden City, UK) fitted with a CCD digital camera (Hamamatsu Photonics,
Welwyn Garden City, UK) using Openlab 3.0.4 Software (Improvision, Coventry, UK). Wound closure
was quantified using ImageJ Software (ImageJ v1.49h, https://imagej.nih.gov/ij/). Data was expressed
as % wound closure/original total wound areas at 0 h.
4.7. Reverse Transcription PCR (RT-PCR) and Real Time Quantitative PCR (RT-qPCR)
Cells were lysed with TRIzol Reagent Solution (Thermo Fisher Scientific). Total RNA was isolated
by manufacturer’s protocols. RNA was quantified (NanoDrop 1000, Labtech International, Lewes, UK)
and RT-PCR was performed using High-Capacity cDNA Reverse Transcription Kits (manufacturer’s
instructions). RT-PCR (PTC-225 Thermal Cycler, MJ Research, St. Bruno, QC, Canada), at 25 ◦C for
5 min, 37 ◦C, 2 h and 85 ◦C, 5 min. RT-PCR (negative control) replaced sample RNA sterile nuclease-free
water (NFW).
RT-qPCR analysis used MicroAmp 96-well plates and Power SYBR Green Gene Expression Assay
(both Thermo Fisher Scientific) with primer sequences (Table 1 and reference gene, GAPDH). RNA was
replaced with NFW for negative controls. RT-qPCR used a ViiA-7 Real-Time PCR System (Thermo
Fisher Scientific), according to manufacturer’s instructions. RT-qPCR was performed at a final volume
of 20 µL per sample (4 µL cDNA, 0.6 µL forward and reverse primers, 10 µL Power SYBR Green
Master-Mix and 4.8 µL NFW). Relative quantification was calculated using the comparative Ct method
(Ct, cycle threshold; ∆Ct, Ct of target gene minus Ct of reference gene (GAPDH)):
Relative quantification (RQ) = 2−[∆Ct(Experimental) − ∆Ct (mean control)]
Table 1. Forward and reverse primer sequences used for RT-qPCR.
Target Primer Sequence (5′–3′)
HGF
Forward: GGACGCAGCAAGGGAACAGT
Reverse: CCCGATAGCTGTGTTCGTGTGGT
Full-length HGF Forward: ACTGCCGAAATCCAGATGGG
Reverse: TTGGGAGCAGTAGCCAACTC
Truncated HGF (NK1)
Forward: TGCCATGTGGGCCATTCTAT
Reverse: TAGTTGCATTTGCACGAACAACA
Truncated HGF (NK2)
Forward: ATGGGCTCTCAACTGATGGTG
Reverse: AGCGAGAGAGGTAGGGATCA
GAPDH
Forward: CCTCTGACTTCAACAGCGACAC
Reverse: TGTCATACCAGGAAATGAGCTTGA
4.8. HGF Enzyme-Linked Immunosorbant Assay (ELISA)
HGF expression by OMFs in culture medium was measured by ELISA (Quantikine Human
HGF Immunoassay, R&D Systems), according to manufacturer’s instructions. Absorbance at 450 nm
was measured by Fluostar Optima Microplate Reader (BMG Lab Technologies) and expressed as
pg HGF/mL.
4.9. Immunocytochemistry
Immunocytochemistry was used to visualise α-SMA stress fibres and filamentous F-actin.
DFs/OMFs were seeded in Nunc 8-well Permanox chamber slides (Thermo Fisher Scientific) in
F-SCM at a density of 2.5 × 104 cells/well and maintained at 37 ◦C in a 5% CO2/95% air atmosphere,
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until 60–70% confluent. Cells were subsequently transfected with siHGF. Scrambled siRNA-transfected
OMFs and patient-matched DFs, served as controls. Cells were growth-arrested in serum-free F-SCM
for 24 h, before incubation in serum-free F-SCM, with or without TGF-β1 (10 ng/mL). Cells were
fixed in ice-cold 4% paraformaldehyde in PBS (Santa Cruz Biotechnology, 200 µL), for 10 min at room
temperature, washed with PBS (×2), permeabilised with 0.1% v/v Triton X-100 (Sigma) in PBS (100 µL)
for 10 min; and blocked with 1% w/v bovine serum albumin (Sigma) in PBS (BSA-PBS, 200 µL) at
room temperature for 30 min. After washing (×3 with 0.1% w/v BSA-PBS0 α-SMA stress fibres were
stained using monoclonal mouse-anti-human α-SMA primary antibody (1:200, clone 1A4, Sigma) in
0.1% w/v BSA-PBS, for 24 h at 4 ◦C. Cells were washed in 0.1% w/v BSA-PBS (×3), then incubated
with goat-anti-mouse IgG-AlexaFluor488-conjugated antibody (1:1000 in 0.1% BSA–PBS, Thermo
Fisher Scientific), for 1 h at room temperature. Direct visualisation of F-actin, used, phalloidin-FITC
(1:50 in 0.1% w/v BSA-PBS, Sigma), for 1 h at room temperature. Nuclei were stained with Hoechst
33258 solution (1:2000 in 0.1% w/v BSA-PBS, Sigma, St. Louis, MO, USA). Slides were mounted with
FluorSave (Merck Millipore, Watford, UK) and viewed by fluorescence microscopy (Leitz Dialux 20EB
Fluorescent Microscope, Leica Microsystems, Milton Keynes, UK).
4.10. Statistical Analysis
Graphical data was expressed as the mean ± standard error (S.E.). Data was analysed using
GraphPad Prism v6.00 (GraphPad Software, San Diego, CA, USA). One-way analysis of variance
(ANOVA) was used to identify differences across data groups; and unpaired two-tailed Student’s
t-tests with Bonferroni correction were performed to determine significance between data groups.
In experiments with multiple variables, significance was determined through the use of two-way
ANOVA with Tukey’s post-test. Significance was considered at * p < 0.05 and ** p < 0.01.
5. Conclusions
The findings from this study suggest the beneficial cellular functions of OMFs, required for
their impeccable ability to heal oral mucosal tissue, was primarily attributed to the high levels of
HGF synthesised by these cells. Despite TGF-β1 stimulation resulting in reduced proliferation and
migration of OMFs, they still resisted myofibroblast differentiation. Decreasing HGF production, prior
to TGF-β1 stimulation, was sufficient to drive OMF differentiation to myofibroblasts, suggesting that
fibroblasts that do not synthesise large amounts of HGF are more likely to undergo TGF-β1-driven
differentiation, and further highlighting the potential for HGF and its isoforms to be utilised in
anti-fibrotic studies. In conclusion, we propose that the importance of full-length HGF and the NK1
isoform lies in mediating “enhanced” OMF wound healing properties, and the interplay between
TGF-β1 and HGF in regulating these responses (anti-fibrotic); whereas preferential expression of
HGF-NK2 can allow cells, especially fibroblasts, to readily undergo TGF-β1-driven differentiation to
myofibroblasts (pro-fibrotic). Such findings further advocate the potential use of HGF isoforms as
therapeutic interventions for the treatment of fibrotic or non-healing situations.
Acknowledgments: This work was supported and funded by the Cardiff Institute of Tissue Engineering and
Repair (CITER).
Author Contributions: Jordanna Dally, Jabur S. Khan, Alex Voisey, Chrisandrea Charalambous, Hannah L. John,
Emma L. Woods and Adam C. Midgley performed the experiments and analysed the data. Robert Steadman,
Ryan Moseley and Adam C. Midgley conceived and designed the experiments, in addition to the writing and
editing of the paper.
Conflicts of Interest: The authors declare no conflict of interest. Jordanna Dally, Jabur S. Khan, Emma L. Woods,
Robert Steadman, Ryan Moseley and Adam C. Midgley are members of the funding institute (CITER), however
the founding sponsors had no role in the design of the study; in the collection, analyses, or interpretation of data;
in the writing of the manuscript, and in the decision to publish the results.
Int. J. Mol. Sci. 2017, 18, 1843 13 of 15
References
1. Dang, C.; Ting, K.; Soo, C.; Longaker, M.T.; Lorenz, H.P. Foetal wound healing: Current perspectives.
Clin. Plast. Surg. 2003, 30, 13–23. [CrossRef]
2. Enoch, S.; Moseley, R.; Stephens, P.; Thomas, D.W. The oral mucosa: A model of wound healing with reduced
scarring. Oral Surg. 2008, 1, 11–21. [CrossRef]
3. Glim, J.E.; van Egmond, M.; Niessen, F.B.; Everts, V.; Beelen, R.H. Detrimental dermal wound healing:
What can we learn from the oral mucosa? Wound Rep. Regen. 2013, 21, 648–660. [CrossRef] [PubMed]
4. Lee, H.G.; Eun, H.C. Differences between fibroblasts cultured from oral mucosa and normal skin: Implication
to wound healing. J. Dermatol. Sci. 1999, 21, 176–182. [CrossRef]
5. Enoch, S.; Wall, I.; Peake, M.; Davies, L.C.; Farrier, J.; Giles, P.; Baird, D.; Kipling, D.; Price, P.; Moseley, R.;
et al. Increased oral fibroblast lifespan is telomerase-independent. J. Dent. Res. 2009, 88, 916–921. [CrossRef]
[PubMed]
6. Enoch, S.; Wall, I.; Peake, M.; Davies, L.C.; Farrier, J.; Giles, P.; Kipling, D.; Price, P.; Moseley, R.; Thomas, D.; et al.
“Young” oral fibroblasts are geno/phenotypically distinct. J. Dent. Res. 2010, 89, 1407–1413. [CrossRef] [PubMed]
7. Stephens, P.; Davies, K.J.; al-Khateeb, T.; Shepherd, J.P.; Thomas, D.W. A comparison of the ability of intra-oral
and extra-oral fibroblasts to stimulate extracellular matrix reorganisation in a model of wound contraction.
J. Dent. Res. 1996, 7, 1358–1364. [CrossRef] [PubMed]
8. Stephens, P.; Davies, K.J.; Occleston, N.; Pleass, R.D.; Kon, C.; Daniels, J.; Khaw, P.T.; Thomas, D.W.
Skin and oral fibroblasts exhibit phenotypic differences in extracellular matrix reorganization and matrix
metalloproteinase activity. Br. J. Dermatol. 2001, 144, 229–237. [CrossRef] [PubMed]
9. Shannon, D.B.; McKeown, S.T.; Lundy, F.T.; Irwin, C.R. Phenotypic differences between oral and skin
fibroblasts in wound contraction and growth factor expression. Wound. Rep. Regen. 2006, 14, 172–178.
[CrossRef] [PubMed]
10. Lygoe, K.A.; Wall, I.; Stephens, P.; Lewis, M.P. Role of vitronectin and fibronectin receptors in oral mucosal
and dermal myofibroblast differentiation. Biol. Cell 2007, 99, 601–614. [CrossRef] [PubMed]
11. McKeown, S.T.; Barnes, J.J.; Hyland, P.L.; Lundy, F.T.; Fray, M.J.; Irwin, C.R. Matrix metalloproteinase-3
differences in oral and skin fibroblasts. J. Dent. Res. 2007, 86, 457–462. [CrossRef] [PubMed]
12. Karbiener, M.; Darnhofer, B.; Frisch, M.T.; Rinner, B.; Birner-Gruenberger, R.; Gugatschka, M. Comparative
proteomics of paired vocal fold and oral mucosa fibroblasts. J. Proteom. 2017, 155, 11–21. [CrossRef] [PubMed]
13. Meran, S.; Thomas, D.W.; Stephens, P.; Martin, J.; Bowen, T.; Phillips, A.O.; Steadman, R. Involvement of
hyaluronan in regulation of fibroblast phenotype. J. Biol. Chem. 2007, 282, 25687–25697. [CrossRef] [PubMed]
14. Schrementi, M.E.; Ferreira, A.M.; Zender, C.; DiPietro, L.A. Site-specific production of TGF-β in oral mucosal
and cutaneous wounds. Wound Rep. Regen. 2008, 16, 80–86. [CrossRef] [PubMed]
15. Meran, S.; Thomas, D.W.; Stephens, P.; Enoch, S.; Martin, J.; Steadman, R.; Phillips, A.O. Hyaluronan
facilitates transforming growth factor-β1-mediated fibroblast proliferation. J. Biol. Chem. 2008, 283, 6530–6545.
[CrossRef] [PubMed]
16. Peake, M.A.; Caley, M.; Giles, P.J.; Wall, I.; Enoch, S.; Davies, L.C.; Kipling, D.; Thomas, D.W.; Stephens, P.
Identification of a transcriptional signature for the wound healing continuum. Wound Rep. Regen. 2014, 22,
399–405. [CrossRef] [PubMed]
17. Miyoshi, K.; Horiguchi, T.; Tanimura, A.; Hagita, H.; Noma, T. Gene signature of human oral mucosa
fibroblasts: Comparison with dermal fibroblasts and induced pluripotent stem cells. Biomed. Res. Int. 2015,
2015, 121575. [CrossRef] [PubMed]
18. Stephens, P.; Hiscox, S.; Cook, H.; Jiang, W.G.; Zhiquiang, W.; Thomas, D.W. Phenotypic variation in
the production of bioactive hepatocyte growth factor/scatter factor by oral mucosal and skin fibroblasts.
Wound Rep. Regen. 2001, 9, 34–43. [CrossRef]
19. Grøn, B.; Stoltze, K.; Andersson, A.; Dabelsteen, E. Oral fibroblasts produce more HGF and KGF than skin
fibroblasts in response to co-culture with keratinocytes. APMIS 2002, 110, 892–898. [CrossRef] [PubMed]
20. Okazaki, M.; Yoshimura, K.; Uchida, G.; Harii, K. Elevated expression of hepatocyte and keratinocyte
growth factor in cultured buccal mucosa-derived fibroblasts compared with normal skin-derived fibroblasts.
J. Dermatol. Sci. 2002, 30, 108–115. [CrossRef]
21. Conway, K.; Price, P.; Harding, K.G.; Jiang, W.G. The molecular and clinical impact of hepatocyte growth
factor, its receptor, activators, and inhibitors in wound healing. Wound Rep. Regen. 2006, 14, 2–10. [CrossRef]
Int. J. Mol. Sci. 2017, 18, 1843 14 of 15
22. Nakamura, T.; Sakai, K.; Nakamura, T.; Matsumoto, K. Hepatocyte growth factor 20 years on: Much more
than a growth factor. J. Gastroenterol. Hepatol. 2011, 26, 188–202. [CrossRef] [PubMed]
23. Ilangumaran, S.; Villalobos-Hernandez, A.; Bobbala, D.; Ramanathan, S. The hepatocyte growth factor
(HGF)-MET receptor tyrosine kinase signaling pathway: Diverse roles in modulating immune cell functions.
Cytokine 2016, 82, 125–139. [CrossRef] [PubMed]
24. Ren, Y.; Cao, B.; Law, S.; Xie, Y.; Lee, P.Y.; Cheung, L.; Chen, Y.; Huang, X.; Chan, H.M.; Zhao, P.; et al. Hepatocyte
growth factor promotes cancer cell migration and angiogenic factors expression: A prognostic marker of human
esophageal squamous cell carcinomas. Clin. Cancer Res. 2005, 11, 6190–6197. [CrossRef] [PubMed]
25. Matusmoto, K.; Umitsu, M.; de Silva, D.N.; Roy, A.; Bottaro, D.P. Hepatocyte growth factor/MET in cancer
progression and biomarker discovery. Cancer Sci. 2017, 108, 296–307. [CrossRef] [PubMed]
26. Miyazawa, K.; Kitamura, A.; Naka, D.; Kitamura, N. An alternatively processed mRNA generated from
human hepatocyte growth factor gene. Eur. J. Biochem. 1991, 197, 15–22. [CrossRef] [PubMed]
27. Cioce, V.; Csaky, K.G.; Chan, A.M.; Bottaro, D.P.; Taylor, W.G.; Jensen, R.; Aaronson, S.A.; Rubin, J.S.
Hepatocyte growth factor (HGF)/NK1 is a naturally occurring HGF/scatter factor variant with partial
agonist/antagonist activity. J. Biol. Chem. 1996, 271, 13110–13115. [CrossRef] [PubMed]
28. Mungunsukh, O.; Lee, Y.H.; Bottaro, D.P.; Day, R.M. The hepatocyte growth factor isoform NK2 activates
motogenesis and survival but not proliferation due to lack of Akt activation. Cell Signal. 2016, 28, 1114–1123.
[CrossRef] [PubMed]
29. Miyazawa, K.; Tsubouchi, H.; Naka, D.; Takahashi, K.; Okigaki, M.; Arakaki, N.; Nakayama, H.; Hirono, S.;
Sakiyama, O.; Takahashi, K.; et al. Molecular cloning and sequence analysis of cDNA for human hepatocyte
growth factor. Biochem. Biophys. Res. Commun. 1989, 163, 967–973. [CrossRef]
30. Kirchhofer, D.; Yao, X.; Peek, M.; Eigenbrot, C.; Lipari, M.T.; Billeci, K.L.; Maun, H.R.; Moran, P.; Santell, L.;
Wiesmann, C.; et al. Structural and functional basis of the serine protease-like hepatocyte growth factor
β-chain in Met binding and signalling. J. Biol. Chem. 2004, 279, 39915–39924. [CrossRef] [PubMed]
31. Stamos, J.; Lazarus, R.A.; Yao, X.; Kirchhofer, D.; Wiesmann, C. Crystal structure of the HGF β-chain in
complex with the Sema domain of the Met receptor. EMBO J. 2004, 23, 2325–2335. [CrossRef] [PubMed]
32. Day, R.M.; Cioce, V.; Breckenridge, D.; Castagnino, P.; Bottaro, D.P. Differential signaling by alternative
HGF isoforms through c-Met: Activation of both MAP kinase and PI 3-kinase pathways is insufficient for
mitogenesis. Oncogene 1999, 18, 3399–3406. [CrossRef] [PubMed]
33. Massagué, J.; Blain, S.W.; Lo, R.S. TGF-β signaling in growth control, cancer, and heritable disorders. Cell
2000, 103, 295–309. [CrossRef]
34. Matsumoto, K.; Tajima, H.; Okazaki, H.; Nakamura, T. Negative regulation of HGF gene expression in human
lung fibroblasts and leukemic cells by TGF-β1 and glucocorticoids. J. Biol. Chem. 1992, 267, 24917–24920.
[CrossRef] [PubMed]
35. Harrison, P.; Bradley, L.; Bomford, A. Mechanism of regulation of HGF/SF gene expression in fibroblasts by
TGF-β1. Biochem. Biophys. Res. Commun. 2000, 271, 203–211. [CrossRef] [PubMed]
36. Iwasaki, T.; Imado, T.; Kitano, S.; Sano, H. Hepatocyte growth factor ameliorates dermal sclerosis in the
tight-skin mouse model of scleroderma. Arthritis Res. Ther. 2006, 8, R161. [CrossRef] [PubMed]
37. Yi, X.; Li, X.; Zhou, Y.; Ren, S.; Wan, W.; Feng, G.; Jiang, X. Hepatocyte growth factor regulates the
TGF-β1-induced proliferation, differentiation and secretory function of cardiac fibroblasts. Int. J. Mol.
Med. 2014, 34, 381–390. [CrossRef] [PubMed]
38. Ueki, T.; Kaneda, Y.; Tsutsui, H.; Nakanishi, K.; Sawa, Y.; Morishita, R.; Matsumoto, K.; Nakamura, T.;
Takahashi, H.; Okamoto, E.; et al. Hepatocyte growth factor gene therapy of liver cirrhosis in rats. Nat. Med.
1999, 5, 226–230. [CrossRef] [PubMed]
39. Inoue, T.; Okada, H.; Kobayashi, T.; Watanabe, Y.; Kanno, Y.; Kopp, J.B.; Nishida, T.; Takigawa, M.;
Ueno, M.; Nakamura, T.; et al. Hepatocyte growth factor counteracts transforming growth factor-beta1,
through attenuation of connective tissue growth factor induction, and prevents renal fibrogenesis in 5/6
nephrectomized mice. FASEB J. 2003, 17, 268–270. [CrossRef] [PubMed]
40. Liu, Y. Hepatocyte growth factor in kidney fibrosis: Therapeutic potential and mechanisms of action. Am. J.
Physiol. Ren. Physiol. 2004, 287, F7–F16. [CrossRef] [PubMed]
41. Oyanagi, J.; Kojima, N.; Sato, H.; Higashi, S.; Kikuchi, K.; Sakai, K.; Matsumoto, K.; Miyazaki, K. Inhibition
of transforming growth factor-β signaling potentiates tumor cell invasion into collagen matrix induced by
fibroblast-derived hepatocyte growth factor. Exp. Cell Res. 2014, 326, 267–279. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2017, 18, 1843 15 of 15
42. Szpaderska, A.M.; Zuckerman, J.D.; DiPietro, L.A. Differential injury responses in oral mucosal and
cutaneous wounds. J. Dent. Res. 2003, 82, 621–626. [CrossRef] [PubMed]
43. Mak, K.; Manji, A.; Gallant-Behm, C.; Wiebe, C.; Hart, D.A.; Larjava, H.; Häkkinen, L. Scarless healing of oral
mucosa is characterized by faster resolution of inflammation and control of myofibroblast action compared
to skin wounds in the red Duroc pig model. J. Dermatol. Sci. 2009, 56, 168–180. [CrossRef] [PubMed]
44. Dai, C. Hepatocyte growth factor antagonizes the profibrotic action of TGF-β1 in mesangial cells by stabilizing
Smad transcriptional corepressor TGIF. J. Am. Soc. Nephrol. 2004, 15, 1402–1412. [CrossRef] [PubMed]
45. Tan, R.; Zhang, X.; Yang, J.; Li, Y.; Liu, Y. Molecular basis for the cell type specific induction of SnoN
expression by hepatocyte growth factor. Am. Soc. Nephrol. 2007, 18, 2340–2349. [CrossRef] [PubMed]
46. Inagaki, Y.; Higashi, K.; Kushida, M.; Hong, Y.Y.; Nakao, S.; Higashiyama, R.; Moro, T.; Itoh, J.; Mikami, T.;
Kimura, T.; et al. Hepatocyte growth factor suppresses profibrogenic signal transduction via nuclear export
of Smad3 with galectin-7. Gastroenterology 2008, 134, 1180–1190. [CrossRef] [PubMed]
47. Zhang, Y.E. Non-Smad pathways in TGF-β signaling. Cell Res. 2009, 19, 128–139. [CrossRef] [PubMed]
48. Ohno, T.; French, L.C.; Hirano, S.; Ossoff, R.H.; Rousseau, B. Effect of hepatocyte growth factor on
gene expression of extracellular matrix during wound healing of the injured rat vocal fold. Ann. Otol.
Rhinol. Laryngol. 2008, 117, 696–702. [CrossRef] [PubMed]
49. Kishimoto, Y.; Hirano, S.; Suehiro, A.; Tateya, I.; Kanemaru, S.; Nakamura, T.; Ito, J. Effect of exogenous
hepatocyte growth factor on vocal fold fibroblasts. Ann. Otol. Rhinol. Laryngol. 2009, 118, 606–611. [CrossRef]
[PubMed]
50. Hagiwara, S.; Otsuka, T.; Yamazaki, Y.; Kosone, T.; Sohara, N.; Ichikawa, T.; Sato, K.; Kakizaki, S.; Takagi, H.;
Mori, M. Overexpression of NK2 promotes liver fibrosis in carbon tetrachloride-induced chronic liver injury.
Liver Int. 2008, 28, 126–131. [CrossRef] [PubMed]
51. Tolbert, W.D.; Daugherty-Holtrop, J.; Gherardi, E.; Vande Woude, G.; Xu, H.E. Structural basis for agonism and
antagonism of hepatocyte growth factor. Proc. Natl. Acad. Sci. USA 2010, 107, 13264–13269. [CrossRef] [PubMed]
52. Mungunsukh, O.; Day, R.M. Transforming growth factor-β1 selectively inhibits hepatocyte growth factor
expression via a micro-RNA-199-dependent posttranscriptional mechanism. Mol. Biol. Cell 2013, 24,
2088–2097. [CrossRef] [PubMed]
53. Watanabe, M.; Ebina, M.; Orson, F.M.; Nakamura, A.; Kubota, K.; Koinuma, D.; Akiyama, K.; Maemondo, M.;
Okouchi, S.; Tahara, M.; et al. Hepatocyte growth factor gene transfer to alveolar septa for effective
suppression of lung fibrosis. Mol. Ther. 2005, 12, 58–67. [CrossRef] [PubMed]
54. Li, F.; Sun, J.Y.; Wang, J.Y.; Du, S.L.; Lu, W.Y.; Liu, M.; Xie, C.; Shi, J.Y. Effect of hepatocyte growth factor
encapsulated in targeted liposomes on liver cirrhosis. J. Control. Release 2008, 131, 77–82. [CrossRef] [PubMed]
55. Yaekashiwa, M.; Nakayama, S.; Ohnuma, K.; Sakai, T.; Abe, T.; Satoh, K.; Matsumoto, K.; Nakamura, T.;
Takahashi, T.; Nukiwa, T. Simultaneous or delayed administration of hepatocyte growth factor (HGF) equally
repress the fibrotic change in murine lung injury induced by bleomycin: A morphologic study. Am. J. Respir.
Crit. Care Med. 1997, 156, 1937–1944. [CrossRef] [PubMed]
56. Mizuno, S.; Kurosawa, T.; Matsumoto, K.; Mizuno-Horikawa, Y.; Okamoto, M.; Nakamura, T. Hepatocyte
growth factor prevents renal fibrosis and dysfunction in a mouse model of chronic renal disease.
J. Clin. Investig. 1998, 101, 1827–1834. [CrossRef] [PubMed]
57. Bevan, D.; Gherardi, E.; Fan, T.P.; Edwards, D.; Warn, R. Diverse and potent activities of HGF/SF in skin
wound repair. J. Pathol. 2004, 203, 831–838. [CrossRef] [PubMed]
58. Ono, I.; Yamashita, T.; Hida, T.; Jin, H.Y.; Ito, Y.; Hamada, H.; Akasaka, Y.; Ishii, T.; Jimbow, K.
Local administration of hepatocyte growth factor gene enhances the regeneration of dermis in acute incisional
wounds. J. Surg. Res. 2004, 120, 47–55. [CrossRef] [PubMed]
59. Jeon, Y.R.; Ahn, H.M.; Choi, I.K.; Yun, C.O.; Rah, D.K.; Lew, D.H.; Lee, W.J. Hepatocyte growth
factor-expressing adenovirus upregulates matrix metalloproteinase-1 expression in keloid fibroblasts.
Int. J. Dermatol. 2016, 55, 356–361. [CrossRef] [PubMed]
© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
